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Elemental analysis of rain- and fresh water by neutron
activation analysis

DASH A

(Laboratory of Analytical Chemistry. University of Amsterdam, Nicwwe Achtorgracht 166
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Abstract Analysis of rain-and fresh water for trace consiltnents is a manda-
tory part of environmental monitoring. This text gives a survey of neutron activation
analysis (NAA) within the framework of current environmental water research pro-
grammes, based on the practice developed in co-operation with the Duteh Encray
Rescarch Centre at Petten (ECN). While the procedures reported in lileralure cover
about thirty five elements. our routine procedures of instrumental neutron acrivation
analysis (INAA) is limited to ten to fifteen elements, The nse of some dedicated rae
diochemical separations (RNAA) adds another six, some of which are speciated as
well. Current contributions of NAA to water analysis center on determination and
speciation of antunic trace clements, notably Br, I, As. and Se, on the assay of some
ultra traces like Ag, Au and He and on validation.

Keywords INAA, RNAA. FElemental and speciation analvsis of water
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1 GENERAL

In environmental water monitoring radioanalysis supplies concentrations, net trans-
port and-exchange rates. The kinetic determinations arc based on radiotracer experi-
ments mostly, either in the laboratory or under well defined field conditions. The main
use of element!!! or speciesi®?l determination by neutron activation analysis is closely
related to field work. The link often consists of some preconcentration step. Character-
ization by multi-element determinations and measurement of transport rates by way of

4 are additional applications.

stable tracers!

Radioanalysis of water usually makes part of analytical programmes in which 1t is
mandatory to combine in situ measurements and laboratory determinations. At the spot,
on board a ship or an aeroplane, samples are taken and preconditioned for transport to
the (radio-)chemical laboratory. The data obtained should fit into the pattern set hy
the continuous measurements of salinity, Eh{oxydation potential}, pH, BOD(biological
oxygen demand), concentrations of major anions, concentration of particulate matter
and the accompanying particle spectrum.

Relations hetween these two groups of resulls may sometimes be found by radio-

tracer experiments in confined but sufficiently large volumes. Distribution coefficients,
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kinetics of exchange at equilibrium and the response to step- or gradient-like changes
have to be considered in such investigations. Similar information can be obtained from
the measurement of “natural” radioactivity which reflects, especially in its desequilibria,
the influence of continuous mass transport between the aqueous and solid phases.

Nexi to the addition to other analytical methods, radicanalysis is applied for vali-
dation of their results.

From a practical point of view, it is convenient to distinguish between the applica-
tions to rain-, fresh-, ground- and seawater. Here only the first two are considered.

In the case of rainwater®7~1% and snow!®>®11 the obvious use of NAA is the deter-
mination of trace elements. The main reasons are characterization and pollution siudies,
partly as an extension of “fingerprinting” by stable isotopes. Radiotracer experiments
are virtually impossible; stable tracers can be used sporadically. With fresh water the
emphasis is again on NAA for trace deterrnination, mainly of anions, and experiments

with stable tracerslt2~14,

2 INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS (INAA)

2.1 Survey of literature

"The application of INAA to water is limited by interfering radionuclides from Na, K
and Br; consequently its use is mostly on relatively pure water, first of all on Tainwater.
A further restriction is caused by gammalysis, resulting in pressure build-up. One finds

Matrix Elements determined (and maximal thermal nentron flux used)
Snow Na, K, Mn. Nilt"!
Rainwater Cl, La, K, Na, Go, Tn. Fe, S¢, Mu, Gs, Br, Ag, $b, Cd, Cr, Hg, Ce, Smlt
(Gaw=10"%em 571}
Na. Al, Cl. V. Cr. Fe. Mu. Co, Cu, Zn. Br, In, Sb. L. yliel
(bp=5x10"%em™%s71)
Al Ba. Cl. Co. I, Mg, Mn, Na. Sb, Ti, Za"!
(¢(h=w‘“cm‘7's“‘)
Ag, Al, As. An, Ba, Br, Ca, Ce. Cl, Co. Cr, Cu. Dy, Fe, Hf. Hg, 1, K. La, Mg.Mn
Ni, Rb. Sb, Se, Se, S, Sr. Ti, V, Zo'Y (ga=5x10 am™2s7")
Surface water  Br, Cs, Ca. La. Rb, Fe. Col'™
(pm= 10%em 7!
Na. Rb, Cs, Ca. Ba. Sh, Br, S¢, La, Ce,Sm. En, Yb. Th, U. Cr, Fe, Cu, Zn, Au, Cd
Helt? 18]
Na. Sc. Ca, Cr, Fe, Ni, Co, Zun. As, Sc, Br, Rb. Ag, 3b, Te. Cs, Ba, La, BEn, Th, Yh.
HE. Ta, An, Hg, Th. U
As. Ba, Br, Ca, Cd. Co. Cr, Cu, Eu, Fe, He, K. La. Mn, Mo, Na, 5b. S¢. .51, U
w. Zntt
(pin=2x10"em ™71

The guality of these determinations varies with the element involved.
In Ref[17] the precision of the determination is worse than 20% for 4 elements (Ce,
Eu, Hf, Yb), 10-20% for 16 elements (Ag, As, Au, Ba, Ca, Co, Cr, Fe, Hg, I, La, Rb, 5b,
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Sm, 8r, Th) and better than 10% for 11 elements (Al, Br, Cl, Cs, K, Mg, Mn, Na, S¢,
V, Zn). The main limiting factor is counting statistics.
Usually the samples are filtered through nuclepore®® or millipore?#®! filters.

[16,17] 10,11,13]

Preconcentration may he omitted or consists of evaporation by heating!

or freeze-drying!”!?l. Concentration-factors are in the order of 102-10°.

The main advantage of INAA and RNAA over other analytical methods is their
relative insensitivity towards contamination. If aliquots are stored in precleaned plastic
containers and kept frozen during transport, interference from the capsule is negligible.
Plastic bags made by heatsealing polythene foil are used for large samples!®.

Irradiation is done in plastic vials whenever possible!™® 1!, For fluxes over ~10%%cm -

2

571, quartz is applied(9,

Irradiation usually implies two different activations on separate aliquots: Short acti-
vation during 1~10 minutes, followed by 2~10 minutes decay and 2~5 minutes counting,
Long irradiation for 3~40h with 1~14 days cooling and measurement during 1 to 5 hours.
Occasionally high-flux irradiations (¢g ~ 101 cm™%57") are applied on solid residues.
Activation takes a few days, cooling 2~4 weeks and measurement 30 minutes to a few
hours.

Standards are based on an mert support, like active carbon, loaded with known
amounts of spectrometrically compatible elements.

2.2 Standard elemental analysis

The procedure used in the radiochemical laboratory of ECN comprises about 14
trace elements’®. It is based on irradiation in two pneumatic rabbit systems, a “slow”
(PRS) and a “fast” one (FASY), both with ~ 5 x 10" cm™%s7? and on a ‘high flux’
facility (PIF), with 5~8x10*%cm 257! thermal flux. A modular system of polythene
capsules with snap caps is used in the rabbit systems, while high purity quartz is applied
in the PIF.
2.2.1 Sampling and sample treatment

Rain is collected at 150 cm above the ground in a wet only sampler. A black bag
surrounds the vessel to inhibit the growth of algae during the storage. If iron has to
be determined, some dilute double distilled nitric acid is placed in the vessel prior to
sampling to prevent adsorption to the container wall. As soon as possible after the
sampling, the samples are filtered. The contamination during the filtration by the filter
and filtration apparatus must be minimized.
2.2.2 Irradiation and processing of aliquots

Determination of V is based on 2 min irradiation in the FASY: that of Na,Al,C1,Mn
and Br on 4 min in the PRS. Irradiations on preconcentrates are performed in the PIF
for the assay of Cr, Fe, Co, Zn and Sh. Analytical procedures are:

(a) Slow rabbit system (PRS)

Aliquots of 2.5mL rain water are introduced into clean capsules by pipetting.

-Irradiation takes 4 minutes in a thermal neutron flux of 5x 10 em=2.57L.
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-Samples return to the chemical laboratory in 3 minutes. The dose rate at contact
on a sample capsule is then ~ImSv.h~1,

-Capsules are opened and two ml amounts are pipetted in polythene counting vials.

-Counting with a Ge-detector connected to a 2048 channel analyzer starts 4-.5
minutes after the end of the irradiation. The usual counting time is 10 minutes. The
data output is transmitted to a minicomputer and processed.

- Standards are processed identically.

(b) Fast rabbit system (FASY)

-Aliquots of 0.8 mL rain water are introduced into clean capsules by pipetting.

-The samples are irradiated during 2 minutes in a thermal neutron flux of 3x 16"

257!, The irradiated sample automatically arrives in the counting position in front

cm
of a 45 cm® coaxial Ge detector in a lead shielding. The average distance sample-detector
surface is 5mm. The Ge detector is connected to a 400 channel analyzer.

-Counting in the life-time mode is started manually as soon as the total dead-time
is lower than 30%. Usually this takes 2 minutes. Preset counting time is normally 2
minutes.

-The area under the 1434 keV photopeak of *2V is determined. Corrections for the
decay during measurement are applied(20:21],

(¢) ‘High flux’ facility (PIF)

-Hundred mL of rain water is preconcentrated in two steps. First the volume is
reduced to ~10mL by evaporation of the rain water sample during 6hours on a water
bath of 75°C under a continuous flow of air filtered through a membrane filter of 0.45um.
The residue is weighted and the greatest part transferred to a clean quartz capsule. The
vield of this transfer is determined by weighing. The sample is taken tc dryness by
heating the quartz ampoule on a hot plate under a gentle stream of filtered air.

-The capsule and an iron fluxmonitor, placed under the bottom of the ampoule, are
wrapped in a thin alumininm sheet,

-The sample capsule is transferred to an aluminium capsule which is closed by
welding. Irradiation takes 2 days at a thermal neutron flux of ~ 5 x 103%em 2571

-Samples are allowed to cool for 3 weeks. The contents of the capsules are trans-
ferred to polythene counting vials by at least three subsequent washings with ¢.8 M HCl
containing carrier amounts of the elements of interest. The concentration of the carriers
used is ~10mg-L~1.

-Counting is performed with a 45cm® Ge detector connected to a 4096 channel
analyzer. Usual counting time is 50 minutes.

2,2.3. Results

(a) PRS (Pneumatic Rabbit System)

The observed gamma energies are due to the following short-lived radionuclides
2Na, A1, 3¥BCL TAr, 52V, 5Mn, % Cu, 3°Br and 1281, The obtained specific count rates
of the different nuclides can be used for the calculation of the limits of determination
following Curriel??!. Results are given in Table 1. They compare favourably with those
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obtained by AAS (atomic absorption spectromietry). Instrumental neutron activation
analysis of bromine based on ®Br (I} ;=17 6min, £,=617keV) can lead to erronevus
results if one is not aware of the spectral interference from the double escape peak of
31 (T1/2=31.3min); E,=620keV. As the ratio of bromine to chlorine in rain water i
of the order of 0.01, this contribution by *¥C1 to the ®'Br peak area can be considerable.
A correction can be made if the ratio of the peak areas of E., and that at 1642keV is
known. This ratio is around (.028.

Table 1 The specific count rate and limit of determination of some short-lived radionuclides for
INAA of rain water!!®!

Element Radiv- Ty, Gamma ray Specific count rate * Limit of determination {1/ky=0.11-7 )

nuclide measured/keV fcounts-min ' - pg~' up/counts Lq/ng Ly/pgL™
Sodium *Na 15h 1368 2.2x10° 1300 19 9.9
Alnmininm  2!Al 2.3 min 1779 1.3x10° 2900 6 3
Chlorine  **Cl 37.3 min 1642 2.1x10° 1900 28 14
Vanadiur ~ **V  3.75min 1434 5.8 10° 200 0.2 0.1
Manganese “*Mn  2.6h 847 1.6x 10" 1900 0.3 0.15
Cobalt  %™Co 10.5min 58.5 1.4x10° 4500 0.9 1.45
Copper  ®Cu  5.Imin 1039 1.4x10* 2600 14 q
Bromine  *Br  17.6min 617 2.3 101 3700 4.1 2.05
Lodine PIRT 25 2min 443 1.9x10° 5400 0.5 0.25
"Data refer to the end of the irradiation: irradiation timne 4 mimites in PRS-1
Experintental conditions: Irradiation time 4 min g =Absalute limit in counts
Cooling time 4.5 min Lg=Absolute limil in nyg or
Counting time 10 min relative (limit) in ggL™"

Rain water aliquot volume 2mL kg =10
(b) Fast rabbit System

The measurement of short-lived radionuclides in rain water by a fast rabbit system
has some disadvantages. First, the sample capsule cannot be removed. Then the specific
count rates will be lower due to the shorter irradiation time. Finally the aliquot volume
1s small (0.8 mL). The half-life is decisive. The determination of vanadium in large series
of rain water samples is a good example/®”. Table 2 gives the reproducibility obtained
with Dutch rain water.

Table 2 The reproducibility of instrumental neutron activation analysis of rain water for

short-lived radionuclides!

Element Average concentration Standard deviation
absolute relative; %
Na 1.51 mg.L~* 0.08 mg-L~* 0.3
Al 63.4 pg L™ 8.2 gL 12.9
Cl 2.65mg L7t .06 mg-L~! 2.3
v 3.11 pg-L 7! 0.14 g L1 4.5
Mn 17.7 pg-L7! 0.6 pp-L™* 3.4
Co 0.44 pg-L~! 0.15 pg.L71 34
Cu 8.0 pug L™ 34 gL~ 43
Br 22.8 pe-L™! 1.4 el ™} 6.1

1 0.47 pg L7} 0.11 pg L7t 23
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(¢) Poolside isotope facility

Radiotracer experiments showed that the losses of Cr, Fe, Co, Zn and Sb from rain
water during preconcentration by evaporation to dryness are negligible. After 2 days in
the PIF and a cooling period of a few weeks the main peaks observed belong to 'K,
31Cr, Fe, ®°Co, ®Zn and '**Sb. The obtained specific count rates and the limits of
determination of the elements of interest are given in Table 3 while the reproducibility
is swnmarized in Table 4.

Table 3 The specific count rate and limit of deterinination of some long-lived radionuclides for
INAA of rain water'®

Element Radio- T),; Gumma ray Specific count rate® Limit of determination (l/quﬂ.lm})

nuclide measured/keV [countsmin ™' - pg™' pup/counts Lg/ng Lojpgl !
Chromium *'Cr 27.8d 320 5.7%10% 1600 1.6 0.0016
Iron #Fe  45d 1099 3.3x10% 400 130 1.3
Cahalt  *"Co 5.26y 1173 1.3%10% 450 0.25 00025
Zine 8%n 2454 1115 5.0x10" 400 6.5 0.065
Antimeny '**Sh 60.3d 602 6.2x10° 800 0.8 0,008

*Data refer to the end of the irradiation: irradiation time 2 days in PIF

Experimental conditions:  Irradiation tiine 2 days: sip=Absolute limit in counts
Cooling tume 3 weeks; Lg=Absalute limit in ne or
Counting time 30 minutes relative in pg-L ™'

Rain water aliquot volume 100mL kg ~10

Table 4 The reproducibility of instrumental neutron activation analysis of rain water for

long-lived radionuclides

Element Average concentration Standard deviation
JugL! Absolute/ug-L™" Relative/%
Cr 0.36 0.02 5.6
Fe 12.7 0.9 70
Co 0.47 0.02 4.9
Zn 71 6 8.5
Sh 3.51 0.14 4.0

3 DEDICATED RNAA OF RAIN WATER

Next to INAA, the routine programme consists of some RNAA procedures. They
provide extra elements or higher sensitivity.
3.1. Bromine and iodine by isotopic exchange!*!

Radionuclides are isolated by isotopic exchange between the irradiated sample and
a solution of Bry or I in CCLl;. The method does not give information on the chemical
species. The lower limits of determination are 1ug Br-L™" and 0.1pg T

The procedure consists of the following steps :

Irradiation of a 2.5mL aliquot at ~5x10” cm™%s" during <5 minutes.
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Jsotopic exchange hetween the sample and a solution of Bry or Iy in CCly.

-Measurement with a Nal or Ge detector.

Isotopic exchange has been used for the isolation of *3'T from fission products
The method is fast and simple. The chemical yield depends on the amount of Bry or Iy
in the organic phase and, in principle, on the chemical form of the halogens. Whereas
exchange between Xz and X' or X0’ (X=halogen) is very fast(®®], that between X; and
X0j is slow and strongly pH-dependent{ZG]. The time required for 50% exchange be-
tween X; and the corresponding organchalogen compounds varies from a few minutes
to many hours!?”l. However, for the analytical procedure this is of small importance as
the activated halogen atoms are set free by recoil®82°] | Their subsequent transformation
into exchanging species is governed by the bulk composition of the sclution!® and the
gamma dose. The exchange yield, as measured with tracers, tends to become constant
at concentrations above 10mg Bry or I per mL CCly; the value is (88+2)% for bromine
and (8942)% for iodine. To obtain the latter yield, it is mandatory to adjust the pH to
11 with arnmonia prior to the irradiation.
3.1.1 Sensitivity of the method

After 4 minutes irradiation in a thermal neutron flux of 5x10%¥em 257! and a

[24]

decay time of 9 minutes the specific count rates are:
3" x 3" Nal well type crystal 3x10% counts min~! ug~'; 45 cm® coaxial Ge detector

1. ug™! (sample directly on top of the detector). With a sample

1.6x10* counts min~
volume of 2mL (effective volume =1.6mL) and an exchange yield of ~80%, the lower
limit of the determination is 1.0pg-L~? for bromine and G.1 pg-L~" for iodide (based on
a minimal detectable count rate of 25 counts-min=*).
3.1.2 Results

Large samples of tap water, rain water and surface water were analyzed five times

to check the reproducibility:

Br-concentration/pg-L -1 [-concentration/pug-L -
Rain water 12.8740.95 0.734£0.07
Tap water 23010 4.1440.34
Surface water 309+31 2.46=x 0.36

3.2 Todate by anion exchange and subsequent IN A A[3031]

A separation of I' and 10} prior to the irradiation is possible by stepwise elution
from a Dowex-2 x 8mm? (OH’) column, using 0.1mol/L NaOH or 0.1 mol/L NH,OH as
the eluent. Due to the interference by **Na, T}, =15h, it is preferable to use NH,OH. As
the affinity of Cl' and NOj is larger than that of 104, concentrations of these interferences
should be kept below ~25mgmL~! and ~10mg-mL~! respectively.

3.2.1 Analytical procedurel®

In the laboratory of ECN, the following procedure was chosen as a result of tracer
experiments. Columns of ~0.4g resin are prepared and connected to tygon tubes (ef.
Fig.1). A rain water sample is filtered through a 0.45pm membrane filter. A volume of
20~25mL is then fed into the column at a flow rate of 0.22mL-min~?, controlled by a
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peristaltic pump. Columns are washed with 3mL double distilled water and transferred
to cleaned elution systems. They are eluted with 0.1mol/L NH,OH which is added

Fig.1 Tke elution system for the '~ 104
separation and for the determination of 10,
after Ref.[30)]

1. polythene bottle (V=100mL), 2. cleuent
{0.1mol/L NH40H), 3. polythene tube
(4 mm 1.d). 4. tap (teflon), 5. glasswaool,
6. Dowex-2x8(OH), 7. irradiation capsule,
8. the eluate

3.3 Arsenicl?

dropwise at a flow rate of 0.3 mL-min™ !

Volumes of ~10mL are collected in the ir-
radiation capsules. These are sealed and
cooled in liquid nitrogen. Irradiation is
carried out for 4 min at a thermal neutron
flux of 5x10% em~2.s~1. Coocling time is
~15min. Aliquots of 8 mL are pipetted
into polythene extraction vials in which
200uL concentrated HC] is present and
are shaken with 5mL of a I, solution in
CCly (6mg I, mL~!) for at least 1min.
Aliguots of 4mL are taken from the or-
ganic phase and transferred to test tubes
and counted for 15min. with a Nal well
type detector connected to a 400 chan-
nel analyzer. The area under the 442keV
photopeak of 11 (T, ;,=25.2min) is eval-
uated. lodate solutions (50ug I-L7!) in
double distilled water are used as stan-
dards.
3.2.2 Results

The relative standard deviation, ob-
served for standard solutions varies from
21% at 50ppb till ~20% at 0.2ppb. Con-
centrations in Dutch tain water are of the
order of 2 gl L~" and 1pg 105.L1,

Coprecipitation of As(IIl) with dibenzyldithiocarbamate (DBDTC) is followed by
reduction of As(V) with thicsulphate and a second coprecipitation. The solids are col-
lected on microfilters and submitted to NAA. The procedure is shown in Fig.2

3.4 Seleniuml®

The determination of selenium is analogous to that of arsenic, A difference is met
in the addition of 100mg phenolphtalein to ensure the stability of the precipitate. Irra-
diation and counting time are adjusted to the radionuclide, "Se, Ty /2=120d. The Limits
of determination and detection are equal to those for arsenic.
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100 g water sample ———————————» FILTRATE
+ +
1ml 1moll HNO3 1 oL 20% (w/v) KI
+ +
1 =L 1% {w/v) DBDTC I mL 25% (H/V)N&23203'5H20 solution
solution {in MeOH)
15-20 min
l 5-10 min )
REDUCED SOLUTION
FILTRATION +
0.45-um o} Ag(III} ] | 1 m. 1% (w/v) DBDIC
pezbrane filter solution {in MeOH)
l 5~10 min
FILTRATE ) FILTRATION

0.45-pp  ~—— As{V}

mewbrane filter

Fig.2 The optimized procedure for 100 mL samples runs as shown above. Loaded hlters are
dried over silicagel and packed in 18%91mm? polythene containers equipped with iron fnx
monibors.

Irradiation at a flux of 5% 103 cm ™2~ during 15 minutes and cooling for day is followed by
counting with a 45cm® Ge-detector for the 559keV peak of $CA, Ty2=20.4 1. The lower linc

of determination is ~0.05ug LY, that of detection ~Ing L1
2333 g

3.5 Silver by cation-exchange and subsequent NAAPB

Rain, melted hail or snow is made pH=3 with acetic acid and dripped through a
small column of a cation exchange resin at a low flow rate. The Ag®-ions are then eluted
with 0.1 mol/L NH4CNS; about 25mL is necessary. The collection efficiency is (961 2],
that of the elution (80+7)% in the first 5mL of the eluate for amonnts from 107 1o
10~ % g silver. Blank eluent aliquots are processed identically. The determination is based
on the reaction " Ag(n,y) 1'% Ag, Ty p=245.

Procedure

-lon-exchange on a 0.7% 2 cm? column of 0.5 g Dowex-50, 200 mesh at a flow rate of
<5mL-min~!,

-Elimination of remaining fluid on top of the columm, Addition of 5mL 0.1 mol-L
NH4CNS and equilibration for 5 minutes.

-The eluate is siphoned off, sealed in a polythene film and transferred to an irradi
ation vial. Irradiation takes 40-60 seconds at a thermal neutron flux of 4x 10" am™ s 1

-Counting with a 3“x3" Nal well-type crystal starts ~20 seconds after the end of the

irradiation to eliminate most of the 1°N, T} ,,=7.3 s, activity produced by '°0 (n,p)'°N.
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Silver concentrations in snow water vary from 5 to 50ng L1,
3.6 Mercm'y[g'rsl

Inorganic, organic and particulate mercury are determined in large samples as shown
below. The tatal amasunt of mercury is collected by passing a known volume of the crude
sample through an activated carbon column (A). Part of the sample is centrifuged and a
known fraction of the clear liquid is led through an activated carbon column (B-1). This
vields the morganic dissolved mercury, Another centrifuged fraction is transferred to an
aeration vessel and the mercury is reduced with stannous chloride and led through an
active carbon adserber.

The carbon fractions and the isolated suspended matter are analysed by NAA using
I e ), =66h, B =T7keV. Organic mercury is obtained as the difference between B-1
and B-2. The analytical procedure is summarized in Tig.3.

The limits of determination and detection are 10 and 1ng-L™! respectively,

o WATER SAMPLE (A)

* 100 -500 aL (B} 500 mL
] J

. ; . ICARBON ABSORBER:
Filtration through Continuous Total mercury in
a3 045 um centrifugation water, containin
membrane filter at 10000 g. suspended solids.
¥
Content of 500 uL 1000 L 50-100mg
onte - -
suspended solids. -1 (8-2) ©
]
CARBON ABSORBER: AERATION VESSEL: Mercury content
Tatal mercury in Inorganic mercury of suspended
water, free of in water, free of matter
suspended solids. suspended solids

Fig.d Mereury analysis procedure

4 CONCLUSIONS

-Routine INAA of rainwater yields up to 14 element concentrations, depending
on the applied neutron flux. Dedicated RNAA adds a few more; its most important
contribution is the speciation of iodine.

-The wider scope of literature reports on rainwater analysis reflects the maximal
rather than the usual result.

-An independent application of NAA is met in the mapping of the distribution of
stable tracers added to the exhaust of an industrial plant.
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